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Superfluid 3He-A in a fully characterized stretched aerogel, used in previous work, [1] has been
studied for parallel and perpendicular orientations of the magnetic field relative to the anisotropy
axis of the aerogel. Consistently, we find that an equal spin pairing state (ESP) is stabilized down
to the lowest temperature. From our pulsed NMR frequency shifts as a function of temperature
and tip angle, the orientation of the orbital angular momentum lˆ has been determined. The aerogel
anisotropy introduced by uniaxial stretching tends to align lˆ in the axial state parallel to the strain
axis, confirming the theory proposed by Sauls[2] and contrary to the prediction of Volovik [3] based
on an impurity calculation of Rainer and Vuorio. [4]
INTRODUCTION
Since the discovery of superfluid 3He confined to high
porosity silica aerogel, [5, 6] two different theories have
been proposed to account for the orienting effect of aero-
gel anisotropy on the orbital angular momentum lˆ in the
axial state. [2, 3] Specifically, for anisotropy that is intro-
duced by uniaxial stretching, lˆ is predicted to be either
perpendicular [3] or parallel to the strain axis. [2] For
simplicity we will refer to these two theories as the easy-
plane and easy-axis models respectively. The easy-plane
theory assumes that aerogel strands are small cylinder-
like objects with random orientation, so that the theory
of Rainer and Vuorio [4] for small objects can be ap-
plied, where lˆ is perpendicular to the axis of a single
cylinder. The orienting effect of an assembly of cylinders
with a preferred orientation of axes, possibly induced by
strain, would then require that lˆ be perpendicular to the
strain axis as would be the case for a uniaxially stretched
aerogel. On the other hand, the easy-axis theory argues
from the point of view of symmetry. In a uniaxial envi-
ronment the choice of orbital order parameter represen-
tations is reduced from the three dimensional rotation
group, SO(3), for pure 3He to a combination of two and
one dimensional representations. When uniaxial strain
is present, lˆ must be parallel to the strain. Despite the
stark difference between the two models, until now there
is no clear experimental justification for either of them
for aerogel with known anisotropy, either stretched or
compressed.
Pulsed NMR is a powerful technique for studying the
orientation of the orbital angular momentum in the axial
state. The shift in the NMR spectrum, ∆ω, as a func-
tion of the angle β by which the nuclear magnetization
is tipped away from the external magnetic field, depends
sensitively on the relative orientation between lˆ and H
as shown in Eq. 1 and 2:
∆ω
lˆ‖H = −
Ω2
A
2ωL
cosβ, (1)
∆ω
lˆ⊥H =
Ω2
A
2ωL
(3 cosβ + 1)
4
. (2)
where ωL = γH is the Lamor frequency, proportional to
the external magnetic field H , and ΩA is the longitudi-
nal resonance frequency of the axial state. Since ΩA is
directly related to the amplitude of the order parameter
∆, and goes to zero at the superfluid transition temper-
ature Tc, ∆ω in both Eq. 1 and 2 goes to zero at Tc.
Obviously for small β, lˆ ‖ H results in a maximum nega-
tive frequency shift while for lˆ ⊥ H , a maximum positive
frequency shift will be observed.
Uniform anisotropy was introduced into the aerogel
sample by uniaxial stretching of 14% during growth, and
in this aerogel sample, an equal spin pairing (ESP) state
is stabilized down to the lowest temperature. [1] At low
temperature, a new chiral-state was observed with com-
plicated lˆ-texture. On warming from low temperature,
the ESP state directly below Tc was identified as the ax-
ial state from tip angle measurements of the frequency
shift, Fig. 1, which match well with Eq. 2, black solid
curve, indicating that the axial state is in the dipole-
locked configuration with lˆ ⊥ H . The frequency shift for
small tip angle, β = 8◦, as a function of temperature is
shown as the blue circles in Fig. 2. Since the strain axis
is perpendicular to the field, it is expected from both
theoretical models that lˆ ⊥ H and our measurements
cannot discriminate between them. To definitively de-
termine the relative orientation of lˆ and the strain axis,
we have oriented the strain axis to be parallel to the mag-
netic field and the results are shown in Fig. 2. and 3.
In this geometry, according to the easy-plane theory, a
minimum dipole energy is possible with lˆ ⊥ H , thus we
expect a maximum positive frequency shift in this case;
however, the easy-axis theory requires lˆ ‖ H which would
lead to a maximum negative frequency shift. Our results
are consistent with the latter.
Efforts to study the effect of aerogel anisotropy with
NMR frequency shifts have been reported previously. [7,
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FIG. 1. (Color online) Frequency shift as a function of tip
angle, β, at T
Tc
≈ 0.86 with the strain axis perpendicular
to the magnetic field. The black solid curve is the expected
behavior for either easy-plane or easy-axis models, and con-
sequently for this orientation of the magnetic field it is not
possible to distinguish between them.
8] However, interpretation of their results is compli-
cated by either an inhomogeneous distribution of aero-
gel strain [7] indicated by an increase in linewidth in the
superfluid state, or ambiguity in the type of anisotropy
that is present in the aerogel samples owing to lack of
characterization of the aerogel. [8]
EXPERIMENTAL DETAILS
The aerogel sample in the present work is the same as
that used previously [1] to study the orientation of lˆ ⊥ H .
After those experiments, we extracted the sample from
the epoxy sample cell and repeated a full characteriza-
tion with optical birefringence which showed it to be un-
changed and to be uniformly anisotropic with the type
of anisotropy consistent with uniaxial stretching. [9, 10]
We oriented the strain axis of the sample to be parallel
to the external magnetic field, so that we might defini-
tively determine the orientation of lˆ in the axial state.
Pulsed NMR measurements were performed in the su-
perfluid and normal fluid at a pressure P = 26.3 bar in
a magnetic field H = 49.9 mT. The RF pulse generated
a high homogeneity H1 field perpendicular to the strain
axis, tipping the nuclear magnetization by an angle β
away from the external field. An absorption spectrum
was obtained by Fourier transformation of the free in-
duction decay (FID) signal. The frequency shift for all
β, Fig. 3, did not depend on which part the the FID was
used for calculating the Fourier transform. The frequency
shift was determined from the position of the superfluid
state spectrum relative to the normal state. The sam-
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FIG. 2. (Color online) Frequency shift as a function of tem-
perature for different aerogel orientations. For strain axis
perpendicular to the magnetic field, the frequency shift with
β = 8◦ is shown as the blue circles. For strain axis parallel
to the magnetic field, the frequency shift with β = 16◦ and
51◦ are shown as red squares and green triangles respectively.
The frequency shift with β = 51◦ (green triangles) was scaled
to the β = 0 limit, using Eq. 1, to better compare with other
data. The black solid (black dashed) curves indicate the max-
imum positive (negative) frequency shift in the small tip angle
limit, Eq. 2 (Eq. 1).
ple was cooled down to the lowest temperature, T ≈ 0.7
mK, by adiabatic demagnetization of PrNi5, NMR mea-
surements were performed as the sample was warmed up
slowly through all the superfluid transitions with a con-
stant tip angle β, or alternatively, held at a constant
temperature while varying β. Thermometry was based
on a combination of 195Pt NMR, calibrated relative to the
known transition temperatures of pure 3He determined
from melting curve thermometry.
RESULTS
The frequency shifts as a function of reduced temper-
ature are shown in Fig. 2. Results from our previous
experiment with the aerogel strain axis perpendicular to
the magnetic field (blue circles), indicate a well-defined
transition into a superfluid state. We identified this to
be the axial state from tip angle dependence of the fre-
quency shift. [1] The maximum frequency shift (black
solid curve) shows the orbital angular momentum lˆ ⊥ H ,
expected from both theoretical models when the strain
axis is perpendicular to the magnetic field in agreement
with the data. [2, 3]
With the strain axis parallel to the magnetic field,
the transition temperature precisely reproduces that of
our previous measurements. [1] For small β, a maximum
positive frequency shift is expected from the easy-plane
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FIG. 3. (Color online) Frequency shift as a function of tip
angle, β, at T
Tc
≈ 0.89 with the strain axis parallel to the
magnetic field. The black solid curve is the expected behavior
for the easy-plane model, which does not agree with the data;
while the black dashed line is the prediction of the easy-axis
model, matching the data extremely well for β > 50◦.
model, [3] while a maximum negative frequency shift is
anticipated by the easy-axis model. [2] Our small tip an-
gle (β = 16◦) measurements with strain axis parallel to
the magnetic field, result in a frequency shift shown as
red squares taken during a warming experiment. While
the frequency shift is close to zero for most of the tem-
perature range, disagreeing with both theoretical models,
near Tc a small jump to negative frequency shift is ob-
served. For larger tip angle, e.g., β = 51◦, the frequency
shift on warming is always negative shown as a function
of temperature in Fig. 2. In this figure the frequency
shift with β = 51◦ was scaled to the β = 0 limit, using
Eq. 1, and matches well with the maximum negative fre-
quency shift (black dashed curve in Fig. 2) predicted by
the easy-axis model.
Tip angle measurements were performed at T
Tc
≈ 0.89
shown in Fig. 3. The black solid curve is the predicted be-
havior when the orbital angular momentum is in the easy
plane, Eq. 1. The black dashed curve is for the easy-axis
model where the orbital angular momentum is parallel to
the magnetic field, according to Eq. 2. Despite the devi-
ation for β < 50◦, the data matches the easy-axis theory
extremely well (black dashed curve), up to β ≈ 450◦.
The tip angle dependent frequency shift is reproducible
for both increasing and decreasing β. Consequently, we
infer that the small tip angle results observed for β < 50◦
cannot be construed as evidence for a metastable state.
For all of these measurements, the linewidth of the super-
fluid state, calculated from the square root of the second
moment of the spectrum, shows no increase compared to
the normal state. This indicates that the orbital angular
momentum is uniformly oriented throughout the entire
sample.
CONCLUSIONS
We oriented the strain axis of a stretched aerogel sam-
ple taken from our previous work [1] to be parallel to the
magnetic field in order to determine the orientation of
the orbital angular momentum, lˆ. We performed pulsed
NMR measurements of the frequency shift as a function
of tip angle and temperature. Close to Tc, and for all
β > 50◦, the orbital angular momentum is parallel to
the strain axis, consistent with the easy-axis theory of
Sauls. [2] For β < 50◦ sufficiently far from Tc, the fre-
quency shift deviates from both theoretical models. A
possible mechanism for this behavior might be the com-
petition between the dipole energy, which is minimized
when lˆ ⊥ H , and the aerogel anisotropy that favors lˆ ‖ H .
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